INTRODUCTION
============

Adhesive systems have been largely used in dentistry. Materials can be classified in either an etch-and-rinse system or a self-etch adhesive system \[[@R1]\]. The former utilizes three components (acid, primer and bond separately) or two components (acid separately, and primer and bond in the same bottle). The latter utilizes two components (self-etch primer and bond separately) or one component (self-etch primer and bond in the same bottle).

One of the challenges in dentistry is bonding restorative materials to such different substrates as enamel and dentin \[[@R2]\]. Traditionally, the bond to enamel is regarded as safe and trustworthy, but the bond to dentin has been unreliable and less predictable \[[@R3]\]. Bonding to dentin is more complex than bonding to enamel because of the histologic differences between the two substrates \[[@R4]\].

In the etch-and-rinse adhesive system, the phosphoric acid is first applied to remove the smear layer and demineralize the dentin surface to expose the inorganic portion. Subsequently, the primer is applied followed by the bond, which infiltrates the exposed collagen in the demineralized dentin and creates a hybrid layer or interdiffusion zone \[[@R5]\]. In the self-etch adhesive system, the etching is made by acidic resin monomers, which simultaneously demineralize and infiltrate the dentin \[[@R6]\]. Depending on which acidic monomer is used, the self-etch adhesive systems can cause partial and superficial demineralization of the smear layer and dentin because of the presence of weaker acid, which is different from the etch-and-rinse adhesive systems \[[@R7], [@R8]\]. Within these categories, the Scotchbond Multi-Purpose adhesive system (3M/ESPE) is considered the gold standard for the etch-and-rinse adhesive systems. Clearfil SE Bond (Kuraray) is considered the gold standard for the self-etch adhesive systems; this is because both adhesive systems have demonstrated the best results of bond strength to dentin \[[@R9]\].

Parallel to the study of bond strength, the scanning electron microcopy (SEM) has been used to evaluate the interfaces between different restorative materials and the dental substrates \[[@R10], [@R11]\]. In the case of adhesive systems applied to dentin, the SEM allows to analyze the morphology of the hybrid layer obtained with different adhesive systems, as well as the resin tags \[[@R12]\]. SEM images show that the etch-and-rinse adhesive systems have thicker hybrid layers and longer resin tags compared with self-etch adhesive systems \[[@R13]\].

Recently, a new one-bottle adhesive system called Scotchbond Universal was launched in the market. According to the manufacturer, this adhesive system is classified as "multi-mode" or "universal" because it can be applied using either the etch-and-rinse or the self-etch technique as well as on different materials. Regardless of the commercial presentation and the technique application, it is important to know if Scotchbond Universal is comparable or has a better performance compared to gold standards adhesive systems.

The aim of the current study was to evaluate the microtensile bond strength (µTBS) of Scotchbond Universal to dentin, using the etch-and-rinse or the self-etch technique after 24 h and six months of storage. This study was conducted under the null hypothesis that no significant difference in bond strength exists between Scotchbond Universal and respective gold standard of each adhesive technique tested.

MATERIALS AND METHODS
=====================

Tooth Preparation
-----------------

Thirty-two unerupted human third molars, extracted for therapeutic reasons, were obtained from the Tooth Bank after approval was given by the Ethics Committee of the Pontifical Catholic University of Rio Grande do Sul (PUCRS), protocol number 11633412.5.0000.5336.

The teeth were cleaned of gross debris and stored in distilled water at 4°C. The water was changed every week, and the teeth were used within 6 months. The roots were mounted in self-cured acrylic resin, and the occlusal enamel surface was removed using a diamond disc mounted in a low-speed laboratory cutting machine (Labcut 1010, Extec Corp., London, UK) under cooling. The remainder of the enamel was removed using 400-grit silicon carbide abrasive paper in a polishing machine (DPU-10, Panambra, São Paulo, SP, Brazil) under water. The superficial dentin was exposed and finished with 600-grit silicon carbide abrasive paper in the polishing machine, and a flat dentin surface was obtained.

Bonding Procedures
------------------

The teeth were randomly divided into four groups, which differ in the materials used (Table **[1](#T1){ref-type="table"}**).

Group 1 -- Scotchbond Universal applied in the etch-and-rinse mode: the dentin was etched with 35% phosphoric acid for 15 s, followed by rinsing with air and a water spray for 15 s. The excess water was removed with cotton buds. The adhesive was applied with a microbrush and scrubbed for 20 s, followed by gentle air-drying for 5 s. The adhesive was light cured for 10 s with a light-curing unit (Optilux Plus, Gnatus, Ribeirão Preto, SP, Brazil). The light intensity was controlled by a radiometer (Model 100 Demetron, Kerr, Danbury, CT) between 450 and 500 mW/cm^2^.

Group 2 -- Scotchbond Universal applied in the self-etch mode: the adhesive was applied to the dentin with a microbrush and scrubbed for 20 s, followed by gentle air drying for 5 s and light-curing for 10 s.

Group 3 -- Scotchbond Multi-Purpose: the dentin was etched with 35% phosphoric acid for 15 s, followed by rinsing with air and a water spray for 15 s. The excess water was removed with cotton buds. A layer of primer was applied, followed by gentle air-drying for 5 s. Subsequently, the bond was applied with a microbrush and light cured for 10 s.

Group 4 -- Clearfil SE Bond: the self-etching primer was applied to the dentin using a microbrush and was left in place for 30 s. Excess solvent was removed by air drying for 5 s. The bond was applied using a microbrush, followed by gentle air drying for 3 s and light-curing for 20 s.

After the adhesive systems were applied, the surface was built up using three layers of Z250 (3M, St. Paul, MN, USA) composite resin to result in a height of 6 mm. Each layer was light cured for 40 s. The specimens were stored for 24 h at 37 °C in distilled water.

Microtensile Testing
--------------------

Six tooth/resin composite sets per group were sectioned perpendicular to the bonding surface using a laboratory-cutting machine (Labcut 1010) at 400 rpm with a diamond disk under water-cooling. The specimens were cut into approximately 0.90 × 0.90 mm transverse sections, measured with a digital caliper (Mitutoyo Sul Americana Ltda., Suzano, SP, Brazil). Eight beams from the central region of each tooth were obtained and were examined with a stereomicroscope (Olympus Corp., Tokyo, Japan) at 25× magnification to analyze the adhesive area. The specimens presenting defects, such as bubbles, lack of material or irregular areas, were discarded. Twenty beams were immediately submitted to microtensile bond strength test, and the other twenty beams were tested after six months of storage in distilled water at 37^o^C.

The specimens were fitted to the microtensile-testing device for analyzing. This device had two stainless steel grips, which had a surface area of 8 × 10 mm and sliding shafts that prevent torsion movements during the tests. These shafts had a fixation screw that prevented the specimen from moving during bonding. The specimens were fixed with cyanoacrylate glue (Loctite, São Paulo, SP, Brazil), associated with the Zip Kicker accelerator (Pacer Technology, Rancho Cucamonga, CA, USA), and stressed at a crosshead speed of 0.5 mm/min until failure in a universal testing machine (EMIC DL-2000, São José dos Pinhais, PR, Brazil) using a cell load of 50 N. The μTBS was expressed in MPa and derived by dividing the imposed force (N) at the time of fracture by the bond area (mm^2^).

The fractured surfaces of all specimens were observed by using scanning electron microscopy (SEM) (EVO LS15, Zeiss -- Germany). The failures were classified as adhesive (failure between adhesive and dentin), cohesive in adhesive (failure inside the adhesive), interfacial (adhesive and cohesive in adhesive), cohesive in dentin (failure inside the dentin), cohesive in composite resin (failure in composite resin), or mixed (two or more types of failure).

Statistical Analysis
--------------------

μTBS values were analyzed using a two-way ANOVA (adhesive system x storage time) and post-hoc multiple comparisons using Tukey's test. *P*≤0.05 was considered significant. The software used was SPSS v10.0 (SPSS Inc., Chicago, IL, USA).

Bond Interface Analysis
-----------------------

Two beams from each group were included in epoxy resin. The bond interfaces were polished with 400-, 600-, 1000- and 1200-grit silicone carbide abrasive papers and wetted with water using manual pressure and rotary movements. The interfaces were then polished with 6-, 3-, 1- and 0.25-μm grit diamond pastes on a felt disk with manual pressure. All of the specimens were ultrasonically cleaned in distilled water for 10 min to remove the polishing residues. The specimens were then immersed in a hydrochloric acid solution (6 M HCl) for 2 min and then washed with distilled water. Shortly thereafter, the samples were deproteinized in a 1% sodium hypochlorite solution (NaOCl) for 10 min and washed in distilled water. The specimens were dried at room temperature for 7 days. The beams were mounted in stubs, gold-sputter coated (Bal-Tec, Balzers, Liechtenstein) and observed using scanning electronic microscope (EVO LS15, Zeiss -- Germany). The bond interfaces of all the specimens were observed at 1.500× magnification. Representative images of each group were recorded and used to qualitatively describe the topography of the dentin/adhesive interface.

RESULTS
=======

Two-way ANOVA analysis revealed that the adhesive system (*p*=0.110) and the storage time (*p*=0.108) had no significant effect on the μTBS, while the interaction effect was significant (*p*=0.015). Table **[2](#T2){ref-type="table"}** shows the μTBS means obtained from the different groups.

At the 24 h of storage time point, no significant differences existed in μTBS values among adhesive systems. However, at the 6-month time point, a significant difference was noted among the adhesive systems. Clearfil SE Bond obtained the highest μTBS mean (41.75 MPa), which was not significantly different from Scotchbond Universal when applied in either the self-etch mode (40.58 MPa) or the etch-and-rinse mode (36.99 MPa). Scotchbond Universal applied in the etch-and-rinse mode was not significantly different from Scotchbond Multi-Purpose (32.44 MPa).

Clearfil SE Bond and Scotchbond Universal applied in the self-etch mode obtained statistically higher μTBS means at 6 months of storage compared to the same adhesive systems at the 24 h of storage time point. Scotchbond Universal applied in the etch-and-rinse mode and Scotchbond Multi-Purpose had a decrease in μTBS means at 6 months of storage but was not significantly different from the 24 h of storage time point.

Most failures were mixed at 24 h and at 6 months of storage, except for Scotchbond Multi-Purpose at 6 months of storage, in which the failures were predominantly interfacial (Fig. **[1](#F1){ref-type="fig"}**(1)) at 6 months of storage. The mixed failures were divided into two types: a) interfacial and cohesive in composite resin (Fig. **[1](#F1){ref-type="fig"}**(2)) and b) cohesive in adhesive and cohesive in composite resin (Fig. **[1](#F1){ref-type="fig"}**(3)). In total, at least 75% or more were mixed failures for Scotchbond Universal when applied in the etch-and-rinse and self-etch modes and for Clearfil SE Bond. Scotchbond Multi-Purpose resulted in 45% of samples having an interfacial failure at 24 h of storage and 60% at 6 months of storage. There were no failures in the adhesive alone, cohesive in adhesive, cohesive in dentin or cohesive in composite resin (Table **[3](#T3){ref-type="table"}**).

When examining the bond interface using SEM, evidence of hybrid layer formation and numerous resin tags were noted for Scotchbond Universal applied with the etch-and-rinse mode (Fig. **[2](#F2){ref-type="fig"}**) and Scotchbond Multi-Purpose (Fig. **[3](#F3){ref-type="fig"}**). A thinner hybrid layer and fewer resin tags were noted for Scotchbond Universal applied in the self-etch mode (Fig. **[4](#F4){ref-type="fig"}**) and Clearfil SE Bond (Fig. **[5](#F5){ref-type="fig"}**).

DISCUSSION
==========

The null hypothesis was accepted because the µTBS values of Scotchbond Universal applied in the etch-and-rinse and self-etch modes were not significantly different from Scotchbond Multi-Purpose and Clearfil SE Bond when adhering to dentin.

The Scotchbond Universal adhesive system includes the 10-methacryloyloxydecyl dihydrogen phosphate monomer (10-MDP) in its composition, which provides acidity to the adhesive and, consequently, the capability to etch the dentin surface. Although the presence of this acidic monomer allows for the self-etch ability of the adhesive, the manufacturer claims that the Scotchbond Universal can be applied on dentin after the 35% phosphoric acid etching. Therefore, the application of this adhesive system in the etch-and-rinse or self-etch mode depends on the professional's choice.

At both the 24 h and 6 months of storage evaluation time points, no significant difference was found in the µTBS between the etch-and-rinse and self-etch mode for Scotchbond Universal. Currently, a preference exists for the self-etch adhesive system on dentin because of the less deep demineralization compared to 35% phosphoric acid \[[@R14]\]. In addition to that, the water-removing step after etching with phosphoric acid is eliminated; this step is considered one of the most critical steps during the etch-and-rinse adhesive system application \[[@R15]\].

Several morphological differences can be observed in the bond interfaces between etch-and-rinse and self-etch techniques for Scotchbond Universal. In the etch-and-rinse adhesive system, the etching of the dentin with 35% phosphoric acid for 15 s causes the removal of the smear layer and smear plugs, the opening of the dentin tubules and demineralization of intertubular and peritubular dentin to a depth of approximately 5 µm \[[@R8]\]. Subsequently, the adhesive included in the one bottle is applied and light-cured. In the self-etch adhesive system, as the acidic monomer demineralizes, the other components of the adhesive infiltrate the demineralized dentin \[[@R1]\]. The demineralization depth depends on the pH of the acid monomer. The adhesive systems containing 10-MDP have a pH of approximately 2, which is considered a mild adhesive system. These adhesive systems cause partial demineralization of the dentin and formation of a hybrid layer with a thickness of 1 µm or less \[[@R8], [@R16]\].Thus, SEM confirmed the formation of a thicker hybrid layer and numerous long resin tags for both Scotchbond Universal applied in the etch-and-rinse mode and Scotchbond Multi-Purpose compared to both Scotchbond Universal applied in the self-etch mode and Clearfil SE Bond. Using TEM, Yoshida *et al*. \[[@R17]\] found a hybrid layer with 0,2-0,5 µm thickness for Scotchbond Universal and 0,5-0,7 µm thickness for Clearfil SE Bond. Although morphological differences are apparent in the bond interface between the etch-and-rinse and self-etch adhesive systems, these differences were not significantly reflected in the µTBS values, which corroborates with other studies \[[@R14], [@R18]\].

After 6 months of storage in distilled water, a slight decrease in µTBS was noted for Scotchbond Universal applied in the etch-and-rinse mode when compared to the 24 h evaluation, but no significant difference was noted. A similar result was observed for Scotchbond Multi-Purpose. However, for Scotchbond Universal applied in the self-etch mode, a significant increase in the µTBS was found after 6 months of storage. One of the possible explanations for the difference in µTBS observed between etch-and-rinse and self-etch modes can be related to the incomplete infiltration of the resin monomers in the deeper layers of the dentin demineralized by phosphoric acid \[[@R19]\]; this would leave the collagen fibrils exposed to the hydrolytic degradation \[[@R20]\]. Marchesi *et al*. \[[@R21]\] demonstrated that Scotchbond Universal applied in the self-etch mode showed lower silver uptake when compared to the same adhesive applied with the etch-and-rinse mode.

Scotchbond Universal applied in the self-etch mode and Clearfil SE Bond presented higher µTBS after 6 months of storage. This finding is interesting because it occurred for the two adhesive systems that had similarities between their compositions. Both adhesive systems contain 10-MDP. This monomer has the ability to bond chemically to the hydroxyapatite present in dentin and enamel \[[@R22]\]. In the self-etch mode, the residual hydroxyapatite that remains around the collagen fibrils interacts with the 10-MDP monomer improving the bond \[[@R22], [@R23]\]. Yoshida *et al*. \[[@R22]\] demonstrated that chemical bonds promoted by 10-MDP are not only more effective but are also more stable in water compared to other functional monomers, such as 4-methacryloxyethyl trimellitic acid (4-MET) and Phenyl-P. In addition, the bond of 10-MDP to calcium creates a salt (MDP-Ca) that protects against hydrolysis \[[@R24]\] because it is a hydrolytically stable salt \[[@R25]\]. Therefore, the presence of 10-MDP and the formation of a hybrid layer containing less collagen fibrils that were exposed to degradation may have contributed to a more stable interface \[[@R17]\].

Even though Scotchbond Universal contains less 10-MDP in its composition compared to Clearfil SE Bond \[[@R17]\], this adhesive contains polyalkenoic acid copolymer, which provides chemical bonding through its spontaneous bonding to hydroxyapatite \[[@R26]\]. More than 50% of the carboxyl groups in the polyalkenoic acid copolymer are capable of bonding to hydroxyapatite. Carboxylic groups replace phosphate ions on the substrate and create ionic bonds with calcium \[[@R27]\]. Most likely, the presence of polyalkenoic acid copolymer has led to higher bond stability between dentin and adhesive during the 6 months of storage.

Scotchbond Multi-Purpose obtained lower µTBS in comparison with Clearfil SE Bond and Scotchbond Universal in the self-etch mode after 6 months of storage in water. Two main possible explanations can be given for this difference in µTBS between the adhesive systems: a) incomplete infiltration of the resin monomers in the deeper layers of the dentin demineralized by phosphoric acid \[[@R19]\], leaving the collagen fibrils exposed to the hydrolytic degradation \[[@R20]\]; b) Scotchbond Multi-Purpose does not have 10-MDP monomer, which protect against hydrolysis \[[@R24]\] due to the ability to bond chemically to the hydroxyapatite present in dentin and enamel \[[@R22]\].

Scotchbond Universal is a one-bottle simplified adhesive system. Other adhesive systems in the same category have shown higher hydrolytic degradation compared with three-step adhesive systems or two-step self-etch adhesives that have a self-primer and a bonding agent. This higher degradation occurs because simplified adhesives contain higher quantities of hydrophilic monomers in their composition compared to three-step systems \[[@R28]\], and they also lack a hydrophobic layer \[[@R29]\]. The lack of a hydrophobic bonding layer in the one-step self-etch adhesive formulations have been demonstrated to reduce bond stability over time because the bonded interfaces behave as semi-permeable membranes that allow the movement of water across them and favor hydrolytic degradation \[[@R30]\]. However, Scotchbond Universal is a one-bottle simplified adhesive, and there was no decrease in µTBS after 6 months of storage, which differentiates this adhesive system in regards to degradation. Although 6 months of storage is a short time of evaluation, water has been shown to pass through adhesives that do not contain a hydrophobic layer in the first minutes after application on dentin \[[@R31]\].

SEM was used to determine the failure mode. This observation allows analyzing whether the methodology used provides bond strength values that correspond to the adhesive-dentin interface, which is the desired bond strength. Secondly, regions that are more susceptible to failure can be identified using SEM \[[@R32]\]. In the current study, mixed failures was the most common mode of failure for Scotchbond Universal and Clearfil SE Bond, which maintained an adhesive or composite resin bond to dentin. Interfacial failures were the most common for Scotchbond Multi-Purpose. The failure analysis demonstrates that the adhesive systems used in the current study had a stronger bond to dentin because pure adhesive failures did not occur. In addition, a change in failure mode was not observed between specimens evaluated at 24 h and at 6 months of storage. This finding agrees with the µTBS values, which did not exhibit statistically significant changes between the two periods of evaluation. The mixed failures were characterized in two different patterns: a) interfacial failures associated with cohesive failure in composite resin or b) cohesive failure in adhesive associated with cohesive failure in composite resin. Moreover, a similar distribution of these failures occurred for the adhesive systems.

CONCLUSION
==========

The results of the current study demonstrate that the µTBS for Scotchbond Universal is comparable to Clearfil SE Bond and Scothbond Multi-Purpose when adhering to dentin. Scotchbond Universal applied in the self-etch mode and Clearfil SE Bond revealed higher bond stability compared to the etch-and-rinse mode.
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![SEM images of different failure modes. (1) -Scotchbond multi-purpose. Interfacial failure: A -- adhesive; D -- dentin. (2) -Scotchbond universal applied in the etch-and-rinse mode. Mixed failure (interfacial + cohesive in composite resin): CR -- composite resin; D -- dentin; A -- adhesive. (3) -Scotchbond universal applied in the etch-and-rinse mode. Mixed failure (cohesive in adhesive + cohesive in composite resin): A - adhesive; CR -- composite resin.](TODENTJ-10-268_F1){#F1}

![SEM image of the interface of scotchbond universal applied in the etch-and- rinse mode: CR -- composite resin; HL -- hybrid layer; T -- tags; D -- dentin.](TODENTJ-10-268_F2){#F2}

![SEM image of scotchbond multi-purpose: CR -- composite resin; HL -- hybrid layer; T -- tags; D -- dentin.](TODENTJ-10-268_F3){#F3}

![SEM image of scotchbond universal applied in the self-etch mode: CR -- composite resin; HL -- hybrid layer; T -- tags; D -- dentin.](TODENTJ-10-268_F4){#F4}

![SEM image of clearfil SE bond: CR -- composite resin; HL -- hybrid layer; T -- tags; D -- dentin.](TODENTJ-10-268_F5){#F5}

###### 

Adhesive systems used in the study.

  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Material               Description       Batch                           Composition                                                                                                                                                    Manufacturer
  ---------------------- ----------------- ------------------------------- -------------------------------------------------------------------------------------------------------------------------------------------------------------- ------------------------------------
  Scotchbond universal   Adhesive system   475261                          Organophosphate monomer (MDP),\                                                                                                                                3M/ESPE, St. Paul, MN, USA
                                                                           dimethacrylate resins (BisGMA, *etc*), HEMA, vitrebond copolymer, filler, ethanol, water, initiators, silane                                                   

  Scotchbond\            Adhesive system   Primer:\                        Primer: Aqueous solution of HEMA, polyalkenoic acid. Adhesive: Bis-GMA, HEMA, photoinitiator system                                                            3M/ESPE, St. Paul, MN, USA
  multi-purpose                            N271103   Adhesive:\                                                                                                                                                                           
                                           N296740                                                                                                                                                                                        

  Clearfil SE bond       Adhesive system   Primer: 01109A     Adhesive:\   Self-etch primer: 10-MDP, HEMA, hydrophilic dimethacrylate, photo-initiator, water. Adhesive: 10-MDP, bis-GMA, HEMA, hydrophilic dimethacrylate, microfiller   Kuraray, Kurashiki, Okayama, Japan
                                           01662A                                                                                                                                                                                         
  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

###### 

µTBS means (MPa) and standard deviation (±SD) for the groups at 24 h and 6 months of storage.

  ----------------------------------------------------------------------------------
  Group                      Mean + SD (MPa) -- 24 h   Mean + SD (MPa) -- 6 months
  -------------------------- ------------------------- -----------------------------
  Scotchbond universal\      39.37Aa (±10.82)          36.99ABa (±8.78)
  (etch-and-rinse mode)                                

  Scotchbond universal\      31.02Aa (±13.76)          40.58Ab (±8.07)
  (self-etch mode)                                     

  Scotchbond multi-purpose   35.09Aa (±14.03)          32.44Ba (±6.07)

  Clearfil SE bond           35.84Aa (±11.06)          41.75Ab (±8.25)
  ----------------------------------------------------------------------------------

Means followed by the same capital letter in columns and by the same lowercase letter in lines do not present significant differences according Tukey's test (α=0.05).

###### 

Failure mode analysis.

  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Adhesive System  \                                                 Scotchbond Universal (etch-and-rinse mode) 24 h   6 months   Scotchbond Universal (self-etch mode) 24 h   6 months   Scotchbond Multi-Purpose   24 h   6 months   Clearfil SE Bond   24 h    6 months
  Failure Mode/ Storage Time                                                                                                                                                                                                           
  ------------------------------------------------------------------ ------------------------------------------------------------ ------------------------------------------------------- -------------------------------------------- -------------------------------------
  \(1\) Interfacial                                                   20%       25%                                                20%      15%                                            45%       60%                                20%      20%

  \(2\) Mixed (interfacial + cohesive in composite resin)               45%      45%                                                 50%      50%                                            30%       25%                                40%      35%

  \(3\) Mixed (cohesive in adhesive + cohesive in composite resin)      35%      30%                                                 30%      35%                                            25%      15%                                 40%      45%
  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
